We report on the fabrication of ridge waveguide in Nd:GGG crystal by using swift C 5+ ion irradiation and femtosecond laser ablation. At room temperature continuous wave laser oscillation at wavelength of ~1063 nm has been realized through the optical pump at 808 nm with a slope efficiency of 41.8% and the pump threshold is 71.6 mW.
Introduction
As one of the most excellent gain media for solid state lasers, the neodymium doped gadolinium gallium garnet (Nd:Gd 3 Ga 5 O 12 or Nd:GGG) has attracted much attention owing to its outstanding optical advantages and thermal properties [1, 2] . The waveguide geometry could confine light propagation in extremely small volumes of the dimensional order of several micrometers, in which higher optical intensities could be obtained in respect to the bulks. Consequently, lower lasing thresholds and comparable efficiencies of the laser generation in waveguides could be achieved owing to the specific features of the structures [3] . The combination of the ability for on-chip integration makes waveguide laser devices particularly useful in integrated photonic and modern optical communication systems [4] [5] [6] . For practical applications, two dimensional (2D) waveguides (typically in channel or ridge configurations) are more attractive than one dimensional (1D) structures (such as planar and slab waveguides) owing to the more compact geometry in 2D guiding structures that stronger spatial confinement of light achieved while reducing the cost of substrate materials [7] [8] [9] .
Several techniques have been utilized to fabricate waveguides in optical crystals, however, only the physical methods, such as ion implantation [10, 11] femtosecond laser inscription [12] and proton beam writing [13] are applicable to Nd:GGG for waveguide fabrication due to its stable chemical properties. Recently, the irradiation of swift heavy ions (i.e., with energy higher than 1MeV/amu) has emerged to be a powerful technique to fabricate waveguides in a couple of optical materials [14] [15] [16] [17] [18] [19] [20] . The normal light ion implantation creates negative refractive index layer buried the end of the ion track via nuclear collisions, constructing so called "barrier" waveguide [8-11, 21, 22] . Compared to the normal ion implantation, the swift ion beams modify the refractive index of the substrates mainly through the electronic excitation induced damages rather than the nuclear collisions. In such cases, the refractive index modification mainly happens during most path of the incident ions' trajectory via the impact of amorphous or highly defective nanotracks from a single ion or the overlap of a few ions [9, [14] [15] [16] [17] [18] . The advantages include the much reduced irradiation fluences and larger refractive index contrast with respect to the bulk, etc. Successful examples of swift heavy ion irradiate planar waveguides include α-SiO 2 [14] , LiNbO 3 [15, 16] , Nd:YCOB [17] , Nd:YAG [18] , and KGd(WO 4 ) 2 [19] . In order to form a 2D waveguide, a ridge structure is advantageous for more compact lateral confinement of light fields. The femtosecond (fs) laser ablation technique has become increasingly attractive in recent years owing to the various practical applications in microstructuring of various materials [23] . For example, it has been applied to produce ridge waveguide structures on the surface of β-BaB 2 O 4 nonlinear waveguide [9, 24] . In this work, we report on the fabrication of ridge waveguide in Nd:GGG crystals by combining swift carbon ion irradiation and femtosecond laser ablation, and the realization of waveguide lasers at wavelength of 1.06 µm.
Experiments in details
The Nd:GGG crystal (doped by 1 at. % Nd 3+ ions) was obtained from Atom Optics Co. Ltd, Shanghai, China. It was cut with the size of 5 × 5 × 2 mm 3 and optically polished. In the first step, the carbon (C 5+ ) ions at energy of 17 MeV and fluence of 2 × 10 14 ions/cm 2 were irradiated on one of the sample surfaces (5 × 5 mm 2 ) to form a planar waveguide layer by utilizing the 3MV tandem accelerator at Helmholtz-Zentrum Dresden-Rossendorf, Germany. The ion current density was kept at a low level (about 6-8 nA/cm 2 ) to avoid the heating and charging of the sample. And then, on top of the irradiated surface (i.e., the planar waveguide surface), we used a Ti:Sapphire laser system, which delivered 120 fs pulses, linearly polarized at 796 nm and with a repletion rate of 1 kHz, to microstructure the ridge structures. The laser beam was focused by a 20 × microscope objective (N.A. = 0.6), and the sample was located at a XYZ motorized stage with a spatial resolution of 0.2 µm. The linear focus of the objective was located on the irradiated surface of the sample and the pulse energy was set to 4.2 µJ. As a consequence, two grooves were ablated with lateral separation of 35 µm by the laser scanning at a translation velocity of 50 µm/s. With the lateral confinement of microstructured grooves and vertical restriction of ion irradiated planar waveguide, the ridge waveguide was produced in Nd:GGG crystal.
We used a fiber-coupled confocal microscope (Olympus BX-41) to measure the microphotoluminescence (µ-PL) properties of the Nd:GGG planar waveguide at room temperature. A 10-mW continuous wave (cw) radiation from an argon laser at a wavelength of 488nm was focused onto the surface of the sample by utilizing a 100 × objective with numerical aperture N.A. = 0.95, exciting the transition of Nd 3+ ions through 4 I 9/2 → 2 G 3/2 [25, 26] , Then, the subsequent 4 F 3/2 → 4 I 9/2 , 4 I 11/2 emission generated from Nd 3+ ions was collected by utilizing the same microscope objective and, after passing through a confocal aperture, analyzed by a CCD camera attached to a high resolution fiber-coupled spectrometer.
We performed the end-face coupling experiment at 632.8 nm to characterize the modal profiles of the guided modes. The propagation loss for the planar waveguide was ~2 dB/cm at 632.8 nm; for the ridge waveguide, the propagation loss was determined to be ~4.5 dB/cm at 632.8 nm. In both cases, we used the back-reflection method [27] . The higher attenuation for ridge waveguide should be partly attributed to the non-perfect side-walls fabricated by the fs lasers. The roughness of the side walls was estimated to be ~500 nm by the SEM image.
The waveguide laser operation experiment was performed by utilizing an end pumping system. A polarized light beam at a wavelength of 808 nm was generated from a tunable cw Ti:Sapphire laser (Coherent MBR 110) at room temperature. A spherical convex lens with focus length of 25 mm was used to couple the laser beam into the planar waveguide. An input mirror (with the transmission of 98% at 808 nm and the reflectivity >99% at ~1064 nm) and an output mirror (with the reflectivity >99% at 808 nm and the transmittance of 60% at ~1064 nm, respectively) were adhered to the input and output end face of the planar waveguide respectively, forming the Fabry-Perot lasing resonate cavity. The generated waveguide laser was collected by utilizing a 20 × microscope objective lens (numerical aperture N.A. = 0.4) and imaged by using an infrared CCD. We used a spectrometer with resolution of 0.2 mm to analyze the emission spectra of the laser beam from the waveguide. The modification of the refractive index in the waveguide layer was estimated by measuring the N. A. of the waveguide. The maximum refractive index increase (∆n) was calculated to be ∆n ≈ + 0.008 by using the formula 2 sin 2 m n n
Results and discussion
where Θ m is the maximum incident angular deflection at which no transmitted power change occurs, and n = 1.9651 is the refractive index of the unmodified substrate [29] . The electronic and nuclear stopping power (S e and S n ) profiles of 17 MeV C 5+ ion in Nd:GGG crystals (as shown in Fig. 2 ) was obtained by using the SRIM 2010 code. As one can see, the values of S e are obtained within the first 0-8 µm, overwhelmingly dominating over S n , which suggests that the waveguide is mainly induced by the electronic damage. Figure 3(a) shows the room-temperature PL emission spectrum of the Nd 3+ ion in Nd:GGG crystal. For detailed understanding of the modification of the C 5+ ions beams on the fluorescence properties of the planar waveguides, we focused on the hyper-sensitive emission line at 932.7 nm. Figures 3(b) , 3(c), and 3(d) depict the 1D µ-PL profiles based on the spectral intensity, spectral shift and spectral broadening of this line, respectively. As we can see, the intensity of fluorescence signals decreases by about 10% in the waveguide with respect to the bulk, which means the majority of the PL active features has been preserved, without clear quenching. Nevertheless, the peak position shifts by 1.1 cm −1 , and the emission line is broadened by maximally 2 cm −1 , suggesting the obvious modification of the Nd:GGG fluorescence emission properties. It is reasonable to assume that the µ-PL features of the ridge waveguide is similar to those of the planar one, since the fs-laser ablation does not induce any induction of defective effects in the waveguide regions. Figures 5(a) and 5(b) show the output laser power (at wavelength of 1063 nm) as a function of the 808 nm absorbed power generated in the Nd:GGG planar and ridge waveguide at room temperature. The absorbed power was calculated with the reasonable consideration of the coupling efficiency of the pump beam, transmittance and reflectivity of the optical elements in the system [11] . From the linear fit of the experimental data, we have determined that the lasing thresholds are 102.7 mW and 71.6 mW for Nd:GGG planar and ridge waveguides, respectively. And the slope efficiencies are 11.5% and 41.8%, respectively. As the absorbed pump powers increase, the output laser power of these two waveguides climbed to maximums at 5.9 mW and 25.6 mW at absorbed pump powers of 151 mW and 113 mW, corresponding to optical conversion efficiency of 4% and 23%, respectively. With comparison of Figs. 5(a) and 5(b), one can clearly conclude that the ridge waveguide is with much better performance than the planar one, resulting in reduced lasing threshold, higher slope efficiency and output laser power. It should be pointed that the better laser performance of the ridge waveguide may be further improved by smoothing the side walls (reducing the roughness) by additional processing (e.g., ion beam sputtering [24] ). Nevertheless, these results indicate that the fs-laser micromachined ridge waveguide structures are ideal platform for integrated laser generations in Nd:GGG crystal.
Summary
We have reported on the fabrication of optical ridge waveguide in Nd:GGG laser crystals, using swift C 5+ ion irradiation and fs laser ablation. The waveguide was formed in the electronic damage region, which confined laterally by two fs laser ablated air grooves. The µ-PL properties of the bulk were well preserved in the waveguide regions. The cw ridge waveguide laser at 1063 nm was realized with a lasing threshold of 71.6 mW and a slope efficiency of 41.8%, which exhibits a superior laser performance to the planar configuration. This work has shown the femtosecond laser ablation technique combined with swift heavy ion irradiation may be an effective method to fabricate active ridge waveguides as laser sources.
